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So far there is only indirect evidence that the Universe is undergoing an accelerated expansion.
The evidence for cosmic acceleration is based on the observation of different objects at different
distances, and requires invoking the Copernican cosmological principle, and Einstein’s equations of
motion. We examine the direct observability using recession velocity drifts (Sandage-Loeb effect) of
21cm hydrogen absorption systems in upcoming radio surveys. This measures the change in velocity
of the same objects separate by a time interval and is a model-independent measure of acceleration.
We forecast that for a CHIME-like survey with a decade time span, we can detect the acceleration
of a ΛCDM Universe with 5σ confidence. This acceleration test requires modest data analysis and
storage changes from the normal processing, and cannot be recovered retroactively.
PACS numbers: 98.80.Es 95.36.+x
Introduction.— One of the biggest mysteries in physics
is the purported accelerated expansion of the Universe.
This suggests that gravity on the largest scales is not
an attractive force, but for the Universe at large is re-
pulsive. Strong mysteries require strong and preferably
direct evidence, and to date the inference of acceleration
is indirect. Direct evidence would require the measure-
ment of velocities of objects at cosmological distances at
different epochs, and determining an increase in recession
velocity for the same objects.
Current indirect inferences require the application of
Einstein’s equation combined with a Copernican prin-
ciple. The Copernican principle underlies the assump-
tion of large scale homogeneity of the cosmos, which
enables the general solution of the complex, non-linear
Einstein equations. The indirect inferences include dy-
namical measurements of the gravitational evolution of
structure[1, 2], or kinematic measurements using lumi-
nosity or angular diameter distances [3–7].
They are indirect because they measure different ob-
jects at multiple distances (redshifts) in the Universe
at an instant of time on earth, and the acceleration
is inferred by assuming a homogeneous cosmological
model and an equation of motion. The direct model-
independent physical acceleration is by definition the ve-
locity change over a time interval between two measure-
ments. A direct probe of the cosmic acceleration is the
Sandage-Loeb (SL) effect [8, 9], suggested by Sandage
to measure change of redshift of galaxies, and by Loeb
to measure the drift in the Lyα forest. The latter pro-
posal motivates the construction of the high-resolution
CODEX1 (COsmic Dynamics and EXo-earth experi-
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1 http://www.iac.es/proyecto/codex/
ment) spectrogragh on E-ELT2 (European Extremely
Large Telescope), to measure the precise redshift of Lyα
over a two decade interval. The CODEX group provide a
full design for observing the SL signal and a prediction of
the statistical error of the SL signal [10]. It is also shown
that the effect has the potential to better constrain dark
energy [11–13]. This ambitious study primarily searches
for cosmic deceleration and jerk at redshift z & 2, and
is not sensitive to direct acceleration measurements. For
a direct measurement of acceleration, a lower redshift is
preferable, when the Universe is actually accelerating.
In the radio domain, the 21cm line in the hydrogen
absorption systems are the most promising candidates
to detect the acceleration. In damped Lyα absorption
systems (DLA), the radio spectrum is also substantially
absorbed by the neutral hydrogen (H I) hyperfine struc-
ture which has the rest frame wavelength of approxi-
mately 21cm or frequency of 1420 MHz. DLA’s are de-
fined as having H I column density greater than 2× 1020
cm−2. This density results in substantial self-shielding,
and empirically is also the minimum column to house cold
21cm absorbing gas in the cold neutral medium (CNM).
Treated as 21cm hydrogen absorption systems, the mea-
surements are readily accessible over the cosmic acceler-
ating redshift using ground based radio telescopes. Their
advantages include: (1) the intrinsic line width is narrow
because absorption is dominated by cold absorbers at
T < 80 K. (2) collecting area is cheap in the redshifted
21cm band. (3) a new generation of telescopes is be-
ing constructed in the relevant bands. The best direct
constraint on the acceleration of the Universe to date is
based on observing these systems [14] over more than a
decade. These errors are still three orders of magnitude
larger than a prediction from a ΛCDM (cold dark matter
2 http://www.eso.org/public/teles-instr/e-elt.html
2with a cosmological constant Λ) Universe and overwhelm
the real signal.
Large numbers of 21cm absorption systems in the pur-
ported accelerating regime of the Universe will be de-
tected by wide-sky radio surveys like PARKES3, under-
construction ASKAP[15], CHIME4, GBT-multibeam5
and proposed BAOBAB[16], BAOradio[17], BINGO[18],
CARPE6, MeerKAT7, SKA8 and Tianlai9 [19], etc. In
the remainder of this letter we will estimate how this
tiny SL effect could be extracted statistically within a
decade from instruments that are being constructed or
proposed, in many cases for the purpose of more precise
indirect measurements of dark energy.
Quantifying the direct acceleration.— The acceleration
v˙ of a given object at redshift z is given by its redshift
drift
v˙ = cz˙/(1 + z), (1)
where over-dots denote derivatives respect to observation
time d/dt and c is the speed of light. Here the redshift
drift z˙ is linearly related to the Hubble parameter H(z)
at the object’s redshift z
z˙ = (1 + z)H0 −H(z), (2)
where Hubble constant H0 is the current expansion rate
H(z = 0) and H(z) is given by the specified cosmological
model. In a concordance ΛCDM Universe for instance,
objects with redshift z . 2.5 are accelerating and their
acceleration v˙ is by order of 0.1 cm s−1 yr−1. To measure
this minuscule velocity difference one needs to subtract
off proper accelerations of the observer. It can be pre-
cisely measured by pulsar timing in the Galactic frame
[20, 21] and by proper motion of the extra-galactic ra-
dio sources in the cosmological frame [22]. Even without
the observations of the proper accelerations and without
full-sky coverage, one can still solve the cosmic and local
accelerations by a moment analysis over the sky.
Feasibility.— Assuming a ΛCDM Universe, the 21cm
absorption systems in the redshift range 0 < z < 2.5 are
accelerating, which corresponds to the frequency range
from 1420 MHz to 406 MHz. CHIME (0.8 < z < 2.5)
and PARKES (0 < z < 1.0) -like surverys are suitable
to be devised to scan the radio sources in NRAO VLA
Sky Survey (NVSS10), looking for possible 21cm absorp-
tion systems. Here we discuss a decade-long-survey by a
CHIME-like telescope as an example.
3 phased array feed project on parkes, http://www.atnf.csiro.
au/research/multibeam/
4 http://CHIMExperiment.ca
5 http://gbt800mb.pbworks.com/
6 http://www.phys.washington.edu/users/mmorales/carpe/
7 http://www.ska.ac.za/meerkat/
8 http://www.skatelescope.org
9 http://tianlai.bao.ac.cn
10 http://www.cv.nrao.edu/nvss/
If the survey scans the northern-hemisphere of the sky,
it is about 60% area of NVSS coverage. NVSS contains
a catalog of almost 2 million discrete sources, with flux
densities F brighter than about 2.5 mJy at 1.4 GHz. The
CHIME-like survey will be sensitive to absorbers in the
1.2 million NVSS sources in its field of view. CHIME’s
frequency coverage requires ν < 800 MHz, where the
sources are typically brighter by ν−0.7. We choose a lower
flux limit of 4.5 mJy, where the source counts are well un-
derstood, and which is more than 17σ above the thermal
noise limit. For a rough estimation of the redshift distri-
bution of the observed 21cm absorption systems, we may
adopt a NVSS redshift distribution n
R
(z) (e.g. eq(26)
in [23]) and neutral hydrogen cloud redshift distribution
n
H I
(z) (the density of optical damped Lyα systems is
14% per unit redshift [24]). If those two components are
uncorrelated and randomly distributed throughout the
sky, the resulting redshift distribution of 21cm absorp-
tion systems will be n
21cm
(z) = n
H I
(z)
∫∞
z nR(z
′)dz′. We
plot n
21cm
(z) and n
R
(z) in the upper panel of Fig.1.
The signal-to-noise ratio (S/N) equals to the flux F of
the radio sources divided by the error of the measurement
∆F . For a dual polarized system,
S/N = F/∆F = F
√
2∆ν∆t/SEFD, (3)
where ∆ν, ∆t are the line width and integration time re-
spectively, and SEFD is the system equivalent flux den-
sity. For CHIME, we adopt SEFD=25 Jy.
The line width ∆ν = uwidthν/c, where uwidth is the
equivalent width of the H I absorber, and ν is the fre-
quency of the absorber. The properties of 21cm ab-
sorbers are primarily derived from followup studies of
optical absorbers. The discovery rate from the cross cor-
relation is a lower bound on the expect number of ab-
sorbers, since high column density systems in the CNM
may systematically obscure potential background optical
sources. There are only 3 blind radio detections, and a
survey may discover more systems which are optically
obscured. They would likely be cold and at high column
density. For sensitivity purposes, we treat all sources as
uwidth of 2 km s
−1 [24, 25]. In practice, sources typically
have an equivalent uwidth of 2 km s
−1, and an actual
line structure which is varied and diverse, and beyond
of the scope of this paper. Wider structures potentially
reduce the survey sensitivity. On the other hand, radio
searches will preferentially find cold and narrow line sys-
tems, potentially increasing the sensitivity beyond the
values adopted here. Thus the line width ∆ν ≃ 9.3 kHz.
The integration time ∆t = tsurveyτ , where tsurvey is the
total time survey duration and τ = λ/2piD is the frac-
tional time that an object on the celestial equator tran-
sits the field of view of the telescope11. For CHIME,
11 Objects at higher latitude have greater τ . If objects are uni-
formly distributed on the sky and λ≪ D, we have a boost factor
b = pi/2 on integration time or (S/N)2. We take this factor into
account in the calculation.
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FIG. 1. (color online.) (top:) Northern-hemisphere number
counts per unit redshift (dN/dz) for 21cm absorption sys-
tems f21cm in black solid line, and NVSS radio sources fQSO
in (green) dashed line. (bottom:) Velocity drift forecast by
21cm absorption systems by CHIME-like telescope assuming
a concordance ΛCDM Universe. The observation span is 10
years. The black solid line is the theoretical prediction by
a ΛCDM Universe, while the predictions of matter-only uni-
verses ΩM = 0.27, ΩM = 1, which are decelerating, are shown
in (green) dashed line and (red) dash-dotted line. CHIME’s
observable redshift range 0.8 < z < 2.5 is shown by (orange-)
shaded regions in both panels of the figure.
the diameter D of each cylinder is 20 m and the observa-
tional wavelength λ is 21cm(1+z). For a ten-year survey
(tsurvey = 3.16 × 108 sec), ∆t ≃ 5.28× 105(1 + z) sec at
the equator. Substituting ∆ν and ∆t into Eq.(3), we get
∆F = 0.252(1 + z)−1/2 mJy.
In order to construct the velocity and acceleration es-
timator we write v = v0 + v˙t + η and η is Gaussian
noise: 〈η(t)η(t′)〉 = σ2ηδ(t − t′). We have the velocity
estimator Ev = (1/tsurvey)
∫
vdt and acceleration esti-
mator Ev˙ = (12/t
3
survey)
∫
vtdt such that 〈Ev〉 = v and
〈Ev˙〉 = v˙ (integrals go from −tsurvey/2 to tsurvey/2).
Their errors can be estimated by σ2v =
〈
E2v
〉 − 〈Ev〉2
and σ2v˙ =
〈
E2v˙
〉 − 〈Ev˙〉2. By integration we can get
σv = σηt
−1/2
survey and σv˙ = 2
√
3σηt
−3/2
survey, meaning that
σv˙ = 2
√
3σvt
−1
survey: error is enlarged as we are requiring
the time derivative information. The forecast of σv also
depends on various of factors like the actual line struc-
ture and sampling quantization. For a rough estimation,
treating line structure as Gaussian with standard devia-
tion σ, a 16-level quantization (with frequency bin 0.34σ)
gives at least 98.8% quantization efficiency [26], and thus
340 m s−1 sampling will be enough. Other effects will
become limiting factors as the quantization efficiency ap-
proaches unity when we do a even finer frequency sam-
pling. According to the central limit theorem, The error
of the velocity estimator σv is given by uwidth(S/N)
−1
bin
so we can as well forecast σv˙, where in general,
(S/N)2bin =
∫∫ ∞
Fmin
(
bF 2
∆F 2
n
H I
(z)
∫ ∞
z
n
R
(F, z′)dz′
)
dFdz,
(4)
is the cumulative (S/N)2 in one redshift bin. In relevant
frequency bands, all dn
R
/dF have similar profile [27] and
using any one of those gives nearly the same result (we
use dn
R
/dF at 0.61 GHz [27], as it is the main contri-
bution of background sources), so we do not assume any
redshift dependence on the flux distribution. Thus the in-
ner integration in Eq.(4) can be written as
∫∞
z nR(z
′)dz′.
Binning all the data into four redshift bins from red-
shift 0.8 to 2.5, we plot the binned velocity drift forecast
v˙(z) with error bars in the lower panel of Fig.1.
For the assumed ΛCDM Universe, we can detect the
acceleration with 5.1σ confidence. If taken as an indirect
test of acceleration, this same data in combination with
Einstein’s equations and homogeneity could be used to
exclude matter-only universes with ΩM = 0.27 and ΩM =
1 with 12.5σ and 29.4σ confidence respectively.
Discussion.— CHIME and other experiments are con-
structed to make precision indirect measurements of dark
energy. Modest real-time analysis changes could allow
the direct detection of cosmic acceleration. The data
would need to be recorded at sufficient spectral resolu-
tion, better than 340 m s−1, corresponding to 800 Hz,
which is not originally planned. The frequency channel-
ization cost is FFT based, and increasing from a spectral
resolution of 300 to 105 doubles the FFT cost. Spatial
computational costs are in principle unchanged, but there
could be additional overhead costs for the larger resulting
data sets. Frequency stability of 10−11 over a decade is
required, which is straightforward on decade time scales
with GPS-rubidium clocks, but also needs to be built
into the system from the beginning. Foreground con-
tamination would not be a problem in these very narrow
frequency bands: one expects the spatial-frequency mix-
ing of foregrounds for the filled aperture experiment to
be (δλ/λ)2, which leaves the foregrounds far below the
thermal noise.
The substantial improvement from previous estimates
[14] arises from the persistent daily observations of every
system, and the 10,000 fold increase in number of tar-
gets from the rapid all sky survey. We have applied a
conservative cut on source detections of more than 17σ.
The number of targets could be larger if compensation
for false detection rates is allowed. Due to the paucity
of known 21cm absorbers, and absence of accurate blind
surveys, the actual 21cm detection rate could be differ-
ent from our assumptions [28]. Astronomical complex-
ities, including multiple absorption features within sys-
tems, variations in optical depths and line width, are not
well characterized and have been neglected. This could
4lead to sensitivity changes, either positive or negative.
We stress that the incremental effort needed for this ex-
periment is minimal, and well worth the effect, even if
only to characterize the large number of absorption sys-
tems.
Detection of the acceleration by promising 21cm ab-
sorption systems needs redshift below 2.5 which corre-
sponds to the frequency from 1420 MHz to 406 MHz.
Velocity drift data on frequencies lower than 406 MHz
(z > 2.5) will show decelerations and are no longer
the most direct evidence of accelerating expansion. If
CHIME is scheduled for completion in 2015, a ten-
year campaign could result in direct detections in 2025.
The above estimation has substantial room for a fur-
ther improvement as we can also include the southern-
hemisphere through SKA and potential southern hemi-
sphere CHIME-like telescope. Completing the entire sky
completely removes the acceleration bias in Galactic and
cosmological frame. Moreover, by using all frequencies
up to 1420 MHz, it will also broaden the redshift range,
as there are still lots of absorber counts at 0 < z < 0.8
with obvious acceleration (see Fig.1). If combined with
a southern hemisphere “CHIME”-like experiment with
a decade cadence, the cosmic acceleration measurement
would be improved to a ∼ 8σ confidence level.
Our proposed experiment observes only the velocity
changes of same single objects over a time interval, and
thus the acceleration measure is geometrical and does
not require any assumptions of homogeneity, isotropy
and Einstein equations. However, in order to test the
dark energy or Lemaitre-Tolman-Bondi (LTB) models,
we still need to include isotropy, homogeneity and metric
assumptions [29–31]. On the other hand, without these
assumptions, adequate accuracy of the measurement also
enables us to test any anisotropic cosmic acceleration or
inhomogeneity of the Universe non-parametrically.
Conclusions.— We have estimated the sensitivity of
upcoming radio experiments to a direct cosmic acceler-
ation search. We conclude that this detection may be
possible with a CHIME-like and subsequent telescopes, if
appropriate real-time data processing modifications were
made. A direct detection of cosmic acceleration bypasses
Copernican cosmological principle and Einstein Equation
assumptions normally required to infer the most myste-
rious property of the Universe: acceleration.
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